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Multi-state empirical valence bond (MS-EVB)In cytochrome c oxidase (CcO), a redox-driven proton pump, protons are transported by the Grotthuss
shuttling via hydrogen-bonded water molecules and protonatable residues. Proton transport through the
D-pathway is a complicated process that is highly sensitive to alterations in the amino acids or the solva-
tion structure in the channel, both of which can inhibit proton pumping and enzymatic activity. Simula-
tions of proton transport in the hydrophobic cavity showed a clear redox state dependence. To study the
mechanism of proton pumping in CcO, multi-state empirical valence bond (MS-EVB) simulations have
been conducted, focusing on the proton transport through the D-pathway and the hydrophobic cavity
next to the binuclear center. The hydration structures, transport pathways, effects of residues, and free en-
ergy surfaces of proton transport were revealed in these MS-EVB simulations. The mechanistic insight
gained from them is herein reviewed and placed in context for future studies. This article is part of a Spe-
cial Issue entitled: Respiratory Oxidases.
© 2011 Elsevier B.V. All rights reserved.1. Introduction
Biological proton pumps are integral membrane proteins that
drive protons across membranes against their electrochemical gradi-
ent. These pumping mechanisms have attracted great interest for
several decades because they play a critical role in controlling ener-
gy conversion in biology. Cytochrome c oxidase (CcO), the fourth
complex in the mitochondrial electron transport chain, is one of
three types of proton pumps that function in cellular respiration
[1–9]. It catalyzes the reduction of O2 into H2O and uses the released
energy to pump protons from the negative inside (N-side) of the
membrane to the positive outside (P-side). CcO transports electrons
from cytochrome c to O2 at its active site through multiple metal
centers: the copper cluster (CuA), heme a, and the binuclear center
(BNC), which consists of heme a3 and another copper site (CuB).
Different redox states of the metal centers formed by electron trans-
fer provide the driving force for proton pumping. In each catalytic
cycle, four “chemical” protons are transported from the N-side of
the membrane to the active site (near CuB) to form H2O, and another
four “pumped” protons are transferred from the N-side to the P-side
of the membrane (Fig. 1). Two questions have been extensively
addressed and studied in the CcO catalytic cycle. One is how proton
pumping is coupled to redox state transitions, while the other is
how the two proton transport processes are regulated. Understandingatory Oxidases.
l rights reserved.the energetics, dynamics, and resulting kinetics of the proton trans-
port in CcO is the key to answering these questions.
The excess proton (H+) possesses unique structural and dynami-
cal characteristics in aqueous systems. For a long period, it was be-
lieved that in aqueous environments the proton exists as a
hydronium cation (H3O+), transported via both the vehicular motion
of H3O+ and a hopping mechanism entitled “Grotthuss shuttling”
[10,11] via the rearrangement of covalent bonds (Fig. 2A). However,
this conception has been largely extended and modiﬁed by theoreti-
cal studies. Supported by different types of computer simulations, it
was found that the classical hydronium structure, in which the posi-
tive charge is localized, is rarely observed. Instead, the electronic
charge defect associated with the excess proton is more delocalized
and shared by the surrounding water molecules, forming more com-
plicated structures, namely (H2O)nH+ [12–15]. The dominant struc-
tures are usually referred to as the asymmetric Eigen cation (H9O4+),
in which the positive charge is delocalized on four water molecules,
and the more symmetric Zundel cation (H5O2+), in which the positive
charge is delocalized on two water molecules. Nevertheless, there is
no clear boundary between these two types of structures. They can
interchange frequently in aqueous environments, and a series of con-
tinuously transitioning structures (Eigen-like or Zundel-like) can be
observed. Therefore, proton transport is signiﬁcantly dependent
upon the rearrangement of the electron structure, due to the charge
defect, and is strongly correlated to the dynamics of its hydration
structure [14–16].
Researchers have often suggested that, in proteins, proton trans-
port also undergoes the Grotthuss shuttling through the hydrogen
Fig. 1. The mechanism of the redox-driven proton pumping by CcO in mitochondria, including two types of proton substrates, is shown.
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this process differs from the proton diffusion in homogeneous sys-
tems for at least two reasons. One difference is that the water conﬁg-
urations and dynamics are restrained by the spatial conﬁnement
and complicated electrostatic effects on the surface, or in the interior
regions of the proteins [19–21]. Another difference is that titratable
residues and other charged groups are likely to be directly involved
in proton transport and charge defect delocalization, thus potentially
behaving as proton donors/acceptors.
Over the years, X-ray crystal structures of CcO from different
sources (i.e., mitochondria from bovine heart cells [22] and bacteria
such as Paracoccus denitriﬁcans [23] and Rhodobacter sphaeroides
[24]) have been reported. In this article, the structure and residue
indexing of CcO from R. sphaeroides is used. X-ray crystal structures
of CcO and other enzymes from the heme-copper binuclear center
oxidase superfamily show similar structures of subunits and metal
sites. Furthermore, catalytic kinetics, mutagenesis, and computer
simulation studies on these enzymes yield similar results [2]. By
combining structural analysis and site-directed mutagenesis, three
proton pathways in CcO, which are named as D, K (Fig. 3), and H,
have been located and treated as the main targets in experimental
and theoretical studies. The D-pathway starts from Asp132 of subu-
nit I near the N-side membrane surface, and ends at Glu286, which
is located below (closer to the N-side, Fig. 3) a hydrophobic cavity
near the heme a/a3 molecules (Fig. 3A). It is a proton uptake chan-
nel conducting both pumped protons and chemical protons [25,26].
The K-pathway is another proton uptake channel, from Lys362 ofFig. 2. A. The transport of an excess proton in a chain of four water molecules via Grotthuss sh
to describe this process and the excess proton charge defect delocalization.subunit II to the active site, but it is only used for chemical pro-
tons and has a much lower conductance than the D-pathway [25].
Finally, the H-pathway, which is from the N-side membrane surface
to the P-side and conducts only pumped protons, was proposed
based on the structures from bovine heart oxidases [27–31]. The
location of the proton loading site (PLS), where the pumped protons
reside above (closer to the P-side, Fig. 3) the hydrophobic cavity
[32], is still uncertain. Two possible candidates are the D-propionate
of heme a3 (PRDa3, Fig. 3B) [33,34] and one of the three CuB-bound
histidines (Fig. 3C) [35–37]. Of the three proton channels, the
D-pathway has received the most attention, possibly due to its high
proton conductance and inﬂuence on both enzyme activity and
pumping. This pathway appears to be a highly solvated water channel
with crystal structures revealing approximately ten water molecules,
and simulations report 11–12 waters that are rather dynamic [38,39].
Structural characterizations from experiments have provided
valuable starting points for theoretical studies and computational
modeling. Extensive computational studies, such as electronic-
structure calculations and molecular dynamics (MD) simulations,
have been conducted on CcO and have generally extended our un-
derstanding of its mechanisms [38–61]. MD simulation is a useful
technique in biophysical and biochemical studies, since it allows re-
searchers to track and analyze the dynamics of biomolecular sys-
tems at the atomic level. Nevertheless, traditional MD simulations
are not able to study directly the Grotthuss shuttling of proton
transport dynamics, because the standard molecular mechanics
(MM) potentials used in MD do not allow changes in the covalentuttling is shown. B. Diabatic states are used (of the system in A) in MS-EVB simulations
Fig. 3. Structure of R. sphaeroides CcO (PDB code: 1M56) with colored subunits (I—blue, II—red, III—green, and IV—orange), cellular membrane (gray), two proton transport path-
ways (D and K), and important metal sites and amino-acid residues is shown. Inset A: The pore water structure in D-pathway, which is from Asp132 to Glu286 in subunit I, and two
critical residue clusters, Ser200/Ser201 and Asn125/Asn139, are shown. Inset B: The salt-bridge formed by Arg481 and PRDa3 is shown. Inset C: The catalytic center, which consists
of heme a3 and a copper atom (CuB) coordinated by three histidine residues, is shown.
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standard MD simulations have been used to reveal the hydration
structure and dynamic properties of water molecules along the pro-
ton transport pathways. Another useful tool, the quantum-
mechanics/molecular-mechanics (QM/MM) hybrid approach, is
able to treat the chemical bond rearrangement involved in the pro-
ton transport process from electronic structure calculations, reveal-
ing certain bonding and solvation structures of the excess proton
[62–71]. However, due to its high computational cost in the QM re-
gion, it is still very expensive to run QM/MM simulations for proton
transport over large scales of length (i.e., tens of nanometers) and
time (i.e., tens to thousands of nanoseconds) at present.
Instead of directly simulating the proton transport process, the al-
ternative is to simply study the energetics of certain key titratable
residues, i.e., to calculate its pKa value or pKa shift from a bulk water
environment [54,55,61,70–73], then attempt to piece together a pro-
posed proton mechanism based on the resulting data set. Some com-
monly used approaches for pKa calculations include the Poisson–
Boltzmann (PB) model [74], the generalized Born (GB) model [75],
the multi-conformation continuum electrostatic (MCCE) model [76],
the free energy perturbation (FEP) methods [77], and the thermody-
namic integration (TI) methods [78]. These can be used to estimate
the change in free energies of important residues between their pro-
tonated and deprotonated states. These approaches cannot, however,
reveal the complete potential of mean force (PMF) for the excess pro-
ton migration, and thus lacks certain key kinetic information along
the vectorial proton transport pathways.
The Multi-State Empirical Valence Bond (MS-EVB) method,
which is a reactive MD methodology, has proven to be a successful
and much more computationally efﬁcient alternative to electronic
structure methods for the computer simulation of excess protons
in aqueous environments and biomolecules [12,79–84]. During the
past several years, a series of MS-EVB studies on the proton trans-
port behavior of CcO have been conducted, focusing on the proton
uptake in the D-pathway and redox-coupled proton pumping in
the hydrophobic cavity. These studies have contributed to the un-
derstanding the proton pumping in CcO by directly providing a
view of the explicit proton transport dynamics [39,46,48,50,53,85].The rest of this article is organized as follows: an introduction of
the MS-EVB methodology and its advantages are introduced in
Section 2; the results from the MS-EVB simulations are discussed
in Section 3; and conclusions are summarized in Section 4.
2. Materials and methods
MS-EVB is an efﬁcient and validated reactive MD approach to sim-
ulating excess protons in condensed phase systems. It is a dynamic
multi-state generalization of the simple EVB approach extensively
developed by Warshel and co-workers [86,87]. In MS-EVB the molec-
ular system ΨEVBis described as a linear combination of a series of
diabatic states, {ψi}, each of which indicates a different bonding topol-
ogy, as represented by molecular mechanics (Fig. 2B) [12,79–84],
Ψ
EVB〉 ¼∑i ci
ψi〉: ð1Þ
As in linear variational quantum theory, the Hamiltonian operator
is built as a matrix,
HEVB ¼∑
i;j
ψi〉hij ⇀r
 
〈ψj
; ð2Þ
in which the diagonal elements, hii, are the empirical potentials of
the diabatic states and the off-diagonal elements, hij, are analytic
functions of all nuclear coordinates, ⇀r , selected to enable the tran-
sitions between states. The eigenvectors of this matrix are obtained
for each nuclear conﬁguration via diagonalization, and the one with
the lowest eigenvalue represents the ground state of the system,
and by deﬁnition, the actual potential for the dynamics of the excess
proton. The parameters in the MS-EVB were obtained by carefully
ﬁtting the potential energy surface calculated on ab-initio level, i.e.,
MP2/aug-cc-pVDZ. Also it was showed that the MS-EVB parameters
are able to give the binding energies and structures of small proton-
ated water clusters in a very good agreement with ab-initio calcula-
tions. The multiple diabatic states and their amplitudes {ci} are
521Y. Peng, G.A. Voth / Biochimica et Biophysica Acta 1817 (2012) 518–525actual system variables that represent the effects of an evolving
electronic structure empirically, although variationally. Therefore,
MS-EVB achieves i) a smooth and reversible transition of bonding
topologies for a chemical reaction, ii) a complicated and accurate
potential energy surface constructed along the reaction coordinate
for the excess proton Grotthuss shuttling, and iii) charge defect de-
localization and its thermal ﬂuctuations.
One of the keys to conducting a meaningful MS-EVB simulation is
the algorithm that dynamically selects diabatic states. Initially, the ex-
cess proton is considered as a classical hydronium (H3O+), which is
the most favorable diabatic state (it possesses the maximum weight
in the ground-state eigenvector). Then, a breadth-ﬁrst search (BFS)
is adopted on solvation shells, one at a time (for details please refer
to Ref. [84], sec. 2.2). More importantly, states in an outer shell are
searched by their hydrogen bond networks, which are the essential
pathways for proton transport [80]. At each MD step, the state-
search algorithm is conducted, which tracks the movement of the
excess proton. Therefore, the critical area containing those atoms in-
volved in the bond breaking/forming process, referred to as the
“EVB-complex”, is dynamically created for the system during the
MD simulation. Thus, the candidate diabatic states are intelligently
selected based on the hydrogen bond topology, thus reducing the
computational cost while still ensuring the key proton transfer path-
ways are collected.
Another difﬁculty that exists in the simulations of excess protons
is the sampling of the proton transport pathway through the water
HBC. This is because the traditional free energy, or PMF sampling
techniques, such as umbrella-sampling, use nuclear coordinates (i.e.,
atomic position, centers of mass) to deﬁne the reaction coordinate.
Proton transport, on the other hand, is actually a “charge transloca-
tion”, deﬁned signiﬁcantly by the ever-changing electronic structure.
MS-EVB simulations solve this problem by introducing the center-of-
excess-charge (CEC) as the weighted averaged charge centers of all
diabatic states,
⇀r CEC ¼∑
i
c2i
⇀r COCi ; ð3Þ
where⇀r COC denotes the center of charges (COC) of a classical hydro-
nium (or equivalent amino acid structure),
⇀r COCi ¼
1
PH3Oþ
j
qj


⋅
XH3Oþ
j
qj

 r→
j
: ð4Þ
Since the excess proton is seldom found as a localized hydronium
cation in the system [15], the CEC is an optimal choice for monitoring
the “position” of the protonic charge defect, and can be used to calcu-
late structural and dynamical properties that can be compared to
experimental observables. Furthermore, the CEC has been success-
fully used as the reaction coordinate to study the proton transport
pathways in biomolecules, such as proton channels and enzymes
[88–92]. Utilizing the CEC, combined with umbrella-sampling
[93,94], the potential of mean force of certain proton transport seg-
ments in CcO has thus been explicitly obtained and analyzed in MS-
EVB simulations [46,48,50,53,85].
3. Results and discussion
3.1. Glu286 at subunit I: the branching site in proton transport and
its pKa
Glu286, which lies at the end of the D-pathway [95,96] and is near
to the hydrophobic cavity in subunit I, is highly conserved in different
forms of CcO. Mutations of this residue also signiﬁcantly inhibit, if
not block completely, enzymatic activity [4,26,41,97]. Thus, it isconsidered that Glu286 is an essential residue for proton pumping
in CcO. The ﬁrst MS-EVB simulations focused on proton transport
through the D-pathway to Glu286 [46]. It was shown that an excess
proton placed in the D-pathwaywith ~15 Å away from Glu286 travels
to Glu286 very quickly (less than 30 ps) when it is deprotonated
(negatively charged). This result suggested that Glu286 has a very
strong proton afﬁnity, which is in agreement with the pKa estima-
tions from previous experimental and computational studies
[54,61,70,72,98]. The experimental pKa of Glu286 in the wild-type
CcO is determined to be 9.4 from the kinetics of forming the F state
[98]. Ghosh and co-workers conducted a computational TI study com-
bined with the SCC-DFTB/MM-GSBP-based model. They computed a
series of pKa values ranging from 8.1 to 21.3, based on different sets
of the systems. Their results showed that the pKa of Glu286 is very
sensitive to the electrostatic effect from the protein environment (e.g.,
the ionization states of surrounding residues), but is less affected
by the number of pore water molecules in the hydrophobic cavity
[70]. A recent study conducted by Warshel and co-workers reported
the calculation of pKa based on their EVB/FEB approach, combined
with the PDLD/S-LRA semimacroscopic model. In this work, the
authors argued that the apparent pKa of Glu286 is contributed by
the values of two different conﬁgurations, which were revealed
from the X-ray crystal structures of the wild-type and the Asn139Asp
mutant from P. denitriﬁcans. The computed apparent pKa from the
two-conﬁguration-based model is in a range from 9.1 to 10.3, which
is in good agreement with experimental results [61].
Glu286 has been thought to transport the proton from the
D-pathway to the hydrophobic cavity by a dihedral angle rotation of
its side chain [52,95]. From the PMF for this rotation, the reorientation
of Glu286 from the “down” state (~75°) to the “up” state (~295°)
crosses a 6 kcal/mol barrier. The “down” state is more stable because
it is about 2 kcal/mol lower in free energy than the “up” state [39].
While in almost all crystal structures the Glu286 is also observed in
the “down” state, it is reported in some simulations that it instead
prefers to stay in the “up” state with the lower free energy; this is
explained by the hydration (four or more water molecules) in the hy-
drophobic cavity [52,99]. In these simulations it was found that
Glu286 favors the “down” state only when the simulation is con-
ducted without water molecules in this cavity [52], or without the
membrane and full solvation environment [99]. Since the free energy
difference and barrier between the “up” and “down” states are very
small, the orientation of Glu286 will clearly be sensitive to its hydra-
tion and electrostatic environment. This implies that in computa-
tional studies on CcO, one should be very careful when constructing
the hydration structures in its hydrophobic cavity and D-pathways.
3.2. Proton uptake in the D-pathway: from Asp132 to Glu286
An MS-EVB study on the D-pathway proton transport was con-
ducted by tracking the CEC position time-evolution when Glu286
was deprotonated. The excess proton was ﬁrst placed and equili-
brated at the bottom of the D-pathway in the hydronium form, then
was relaxed to move to Glu286. The simulation showed a two-step
mechanism, in which the proton resided for about 10 ps near a posi-
tion about 7 Å lower than Glu286, which was postulated as a sort of
“proton trap” [46]. However, it is not a true thermodynamic trap for
the proton, based on the PMF computed with umbrella sampling.
The free energy proﬁle indicates a straight downhill trend along the
proton translocation to deprotonated Glu286, and implies that the
proton uptake in the D-pathway is not a rate-limiting step. An expla-
nation for the “trapping” can be based on the two serine residues
(Ser200 and Ser201, Fig. 3A) in that region of the D-channel. Their
polar side chains can form hydrogen bonds with nearby water mole-
cules, restricting the water dynamics. Another explanation is based
on the pore radius analysis along the D-pathway. A maximum radius
of about 2.5 Å is located at this region, which means the area can
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of hydrated protons in bulk water, the Eigen cation (H9O4+) [46].
Another simulation was performed with the Glu286 in the neutral/
protonated state [39]. In this case, the excess proton can only reach
the region near Ser200/Ser201, and the PMF around Ser200/Ser201
becomes the minimum along the proton pathway. This implies that
this region may be a sort of proton pool, where a hydrated excess
proton can reside and wait until the deprotonation of Glu286. After
deprotonation, Glu286 is immediately re-protonated from this region.
This concept was supported to the same degree by another MS-EVB
simulation that was compared to a higher-resolution PDB entry
[50]. The comparison suggests that the positive charge defect of the
excess proton is delocalized by four water molecules to form an
Eigen-like species, which is stabilized by a hydrogen bond network
formed by the surrounding residues Phe108/Ser197/Ser200/Ser201
and a ﬁfth water molecule [50]. However, it should be noted that
this structure is a static crystal structure and thus may only represent
a snap shot of the real functioning membrane-bound CcO.
To study further the proton uptake in the D-pathway, a compre-
hensive investigation was conducted recently, combining both exper-
iments and simulations [39]. The site-directed mutants in the
D-pathway, which replace Ser200 and Ser201 with more hydropho-
bic residues, including Ser200Val/Ser201Val (VV) and Ser200Val/
Ser201Tyr (VY), were investigated and compared alongside wild-
type (WT) enzymes. Experiments showed that both VV and VY mu-
tants lower the steady-state activity of CcO to 37% and 11% of the
WT value, respectively, the proton pumping may be up to 54% less
efﬁcient in the VV mutant, and the pumping is totally absent in
the VY mutant [39]. One possible explanation is that the mutants in-
troduce a hydrophobic region into the D-pathway, thus creating an
energy barrier for proton uptake; this effect was not seen in the
simulation. When Glu286 is deprotonated, the PMF of proton uptake
in the VY mutant showed a downhill trend similar to WT, suggest-
ing that proton transport in the D-pathway is never the rate-
limiting step for the redox transitions in wild-type and mutated
CcO. This is possible because the negatively charged Glu286 has
strong electrostatic attractive forces acting on the excess protons.
Experiments and electrostatic potential calculations both showed
that the mutants elevated the apparent pKa of Glu286. This effect
cannot be easily explained as being due to broken hydrogen bonds
after the introduction of the hydrophobic residues. In fact, in the
MD simulations the mutants cause the D-pathway to be more hy-
drated when Glu286 is protonated. The role of water molecules in
the D-pathway is therefore intricate and the mutants evidently
shift the pKa by increasing the solvation for protonated Glu286, de-
creasing the solvation for the deprotonated form. To support this
conclusion, simulations were carried out for structures having the
D-pathway ﬁlled with varying numbers of water molecules and
the results were found to be similar. From this study [39], it was
also noted that the hydrogen bond structures in the D-pathway
are strongly affected by the presence of the excess proton. This is
due to the response of the water conﬁgurations to the excess proton
and implies that using water structures alone, in the absence of ex-
cess protons, to predict the proton transport mechanism must be
interpreted with care.
Another important cluster of residues in the D-pathway is Asn121/
Asn139, located about 4 Å above the entrance Asp132 (Fig. 3A). An
inter-residue hydrogen bond (\N\H⋯O_) crossing the D-pathway
can be observed in the crystal structure and is maintained in MD sim-
ulations with a length of about 1.8 Å [22–24]. This hydrogen bond
breaks the water HBC in the D-pathway, thereby eliminating the
water density along the pathway and introducing a 5 kcal/mol energy
barrier in proton uptake from Asp132 to the Ser200/Ser201 structure
when Glu286 is in its protonated form [48]. In fact, there is an impor-
tant class of mutants for the D-pathway called “uncoupled” mutants,
which can totally block the proton pumping, yet have no effect on oreven increase the oxidase activity [98,100–102]. Asn139Asp is one
member in this class. The MS-EVB simulations of the D-pathway
with the mutant Asn139Asp were thus conducted to study the mo-
lecular mechanism of this process. In contrast to the downhill trend
of the PMF in the WT enzyme, Asn139Asp signiﬁcantly changes the
proton transport free energy landscape of the D-pathway, such that
an energy barrier of about 10 kcal/mol is present [48]. Proton trans-
port from the Glu286 to the PLS in CcO is believed to require a very
precise time window (as will be discussed in Section 3.3), so the mu-
tants that affect the apparent pKa of Glu286 will affect the proton
pumping signiﬁcantly [55,103]. Therefore, an interpretation of
“uncoupled” mutants may be that the re-protonation process of
Glu286 from the D-pathway is slowed and its pKa is shifted. The
free energy barrier is likely caused by the change of electrostatic
environment due to the introduced negatively charged residue. To
conﬁrm this hypothesis, the same MS-EVB simulation was conducted
with the Asp139 in neutral/protonated form [48]. Its PMF changed
back to downhill and was very similar to the WT result. This sug-
gests that the electrostatic environment inside the channel may con-
trol the deprotonation dynamics of Glu286, even if an amino acid
residue that is very far away (further than 10 Å) from it. The simula-
tion with neutral Asp139 may also suggest the reason why, in exper-
iments, the swapped double mutants Asn139Asp/Asp132Asn can
recover the proton pumping [104–106].
In addition to Asp132, another possible candidate for a proton
donor in the D-pathway, Tyr35, was reported recently [107,108]. It
was found that this residue may become the proton donor in the
Asp132Asn mutant, and is able to provide a proton to Glu286 when
the D-pathway is blocked by the mutant. Therefore, the apparent
pKa in the Asp132Asn (>11.0) mutant may be a result of the deproto-
nation of Tyr35, but not Glu286.
3.3. Proton pumping from Glu286 to PRDa3
Because the D-pathway conducts both pumped protons and
chemical protons, it is believed that the Glu286 residue plays the
role of a branching point. Four electrons will be transported to the
active site in a complete catalytic cycle and, for each transported elec-
tron, one proton is pumped and one is passed to the active site
(Fig. 1). The delicate mediation of proton translocation implies the
importance of the mechanism of Glu286 deprotonation, as proposed
in the “kinetic gating” model [37,109]. An important pathway of
proton translocation in the hydrophobic cavity is from Glu286 to
the PLS, where the proton is linked to the exit pathway. Although
there are different suggestions for the identity of the PLS, PRDa3
may be a possible candidate supported by experiments [33,34].
How is the proton pumping driven by the electron translocation
through the metal centers in CcO? To answer this question, computer
simulations of the explicit proton transport process in the hydropho-
bic cavity are necessary; however, two main challenges exist in the
preparation of the simulated systems. The ﬁrst challenge is that the
redox states and the partial charges on the atoms of the CcO catalytic
center need to be carefully selected in order to construct a correct
electrostatic environment along the proton pathways. These atoms
include the metal sites (CuA, CuB and heme a/a3) and surrounding
residues coordinated to them, i.e., His333 and His334 in subunit I.
The conventional approach is to calculate the electronic structures
of the atoms at the catalytic center based on their coordinates in crys-
tal structures utilizing ab-initio methods, then ﬁt the charges by ESP
or RESP methods [47,70,110,111]. The second challenge is that, so
far, no crystal structure of CcO has revealed water molecules in the
hydrophobic cavity. Despite this, the available volume and proton
translocation in this region suggest the presence of water molecules.
Therefore, before any theoretical studies of the hydrophobic cavity
can be conducted, its hydration structure must be carefully prepared
and computed with appropriate methods [42,70,73,112].
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cavity have been conducted in three different redox states, OO, RO
and OR, in which each letter here denotes the oxidized (O) or re-
duced (R) state of heme a/a3, respectively [53,85]. The free energy
proﬁles of proton translocation were computed when the catalytic
center was in one of these three states. The results show that the
excess proton is most likely to leave the Glu286 in the RO state,
translocating to the second or third solvation shell of Glu286. It is
then modulated by a downhill free energy landscape in the RO
state and transferred to the PLS. In the OR or OO states, the proton
pumping encounters a large free energy barrier, so it is likely to stay
at Glu286. This MS-EVB simulation has supported the idea that the
driving force for the proton pumping is due to the electron trans-
port along the metal sites [113,114].
The free energy barriers found in the MS-EVB simulations indicate
a high pumping rate for this process, which is in agreement with the
“kinetic gating” theory [37,40]. Because the excess proton PMF is very
ﬂat for proton pumping, a mechanism to prevent proton back leak
may be important. The MS-EVB simulations also revealed that after
the deprotonation in its “up” state, Glu286 could transition to its
“down” state only in the RO electron state [85]. Therefore, Glu286
can quickly reorient into the D-pathway and accept another proton
in order to prevent the proton leak [55,115]. This mechanism was
questioned recently by the study conducted by Cui and co-workers
[99]. In their standard MD simulations, the Glu286 always favors the
“down” state, and thus could be reprotonated from the D-pathway
without the re-orientation. However, their simulations did not in-
clude explicit proton transport and an excess proton in the water me-
diated pathway. MS-EVB simulations also showed that the proton
pumping PMF is not affected by the species bound to BNC (i.e., O2,
OH− or H2O) [85], which suggests that the four pumped protons in
one catalytic cycle are controlled by the same pumping mechanism.
In the MS-EVB simulations, the excess proton ultimately reaches
PRDa3, which is about 8 Å above Glu286. PRDa3 is salt-bridged with
nearby Arg481 both in crystal structures and in MD simulations
when the excess proton is absent [53]. When the proton is present,
PRDa3 becomes detached from Arg481; a structure was discovered
that showed the excess proton is solvated by two water molecules
and the charged carboxyl group (Fig. 2B). This is similar to the situa-
tion when the excess proton is near Glu286. MD simulations also re-
veal that the PRDa3/Arg481 pair is in loose contact and can be easily
dissociated when the excess proton is present. The PMF calculations
show that the rotation of the PRDa3 dihedral away from Arg481 re-
quires only about 5 kcal/mol energy, therefore supporting the
PRDa3 as a potential PLS.
4. Conclusions
The CcO protein drives transmembrane proton pumping by an
electron ﬂux in the opposite direction. The protein achieves the
charge separation across the membrane, which is used later in ATP
synthesis or other biological processes. Understanding the mecha-
nism of the redox-coupled proton pump can give insight into biolog-
ical energy translocation and perhaps contribute to the design of
new materials, drugs, nanodevices, etc. The MS-EVB method, which
is an efﬁcient and accurate reactive MD approach for the simulation
of proton transport processes, has been applied in computational
studies of CcO and has revealed the structural and dynamical proper-
ties of excess protons in the pumping pathway. The MS-EVB simula-
tions of CcO, which were mainly focused on the proton uptake in
the D-pathway from Asp132 to Glu286 and the gated translocation
from Glu286 to PRDa3, a potential PLS, have been discussed and sum-
marized in this article. Explicit proton transport via the Grotthuss
mechanism through the water HBC was simulated, and the free
energy proﬁles (PMFs) along the translocation pathways were com-
puted. It was shown that the excess protonic charge defect can begreatly delocalized across multiple water molecules in CcO, and its
dynamics are signiﬁcantly affected by Grotthuss shuttling along the
hydrogen bonded water pathways. The polar and charged residues,
and also the redox states of the metal complex, modulate the proton
transport process through the electrostatic environment, hydration
structures, and water dynamics.
In the future, more subunits in CcO and the membrane environ-
ment will be considered in the MS-EVB simulations. In most com-
puter simulations in the past, only subunit I was used (in very few
cases subunit II was included) due to the reduced computational
cost. However, it is believed that subunit III also impacts the proton
uptake in the D-pathway [116–118]. Another extension of the meth-
odology in future will be to achieve greater accuracy in modeling the
protonatable groups [92,119]. These groups, such as titratable resi-
dues, D-propionate, and hydroxide, can behave as proton acceptors/
donors involved in the proton transport and charge translocation.
Furthermore, these future studies will be more focused on the proton
transport pathways in CcO that have not been simulated by MS-EVB
before: 1) the proton exits from PLS to the P-side of the membrane
and 2) the “chemical” pathway, which corresponds to the Pr→F tran-
sition [37,98,120–122] in the catalytic cycle and transports a proton
from Glu286 to the active site [60]. These MS-EVB studies will further
contribute to our overall understanding of the mechanism of CcO and
ultimately to that of other redox-driven proton pumps.
Acknowledgements
This research was supported by the National Institutes of Health
(NIH grant R01-GM053148). The contributions of present and former
members from the Voth Group, who participated in the development
of MS-EVB methodology and studies on cytochrome c oxidase re-
ferred to in this article, are also acknowledged.
References
[1] I. Belevich, M.I. Verkhovsky, M. Wikstrom, Proton-coupled electron transfer
drives the proton pump of cytochrome c oxidase, Nature 440 (2006) 829–832.
[2] P. Brzezinski, R.B. Gennis, Cytochrome c oxidase: exciting progress and remain-
ing mysteries, J. Bioenerg. Biomembr. 40 (2008) 521–531.
[3] J.P. Hosler, S. Ferguson-Miller, D.A. Mills, Energy transduction: proton transfer
through the respiratory complexes, Annu. Rev. Biochem. 75 (2006) 165–187.
[4] V.R.I. Kaila, M.I. Verkhovsky, M. Wikstrom, Proton-coupled electron transfer in
cytochrome oxidase, Chem. Rev. 110 (2010) 7062–7081.
[5] H.W. Vanverseveld, K. Krab, A.H. Stouthamer, Proton pump coupled to
cytochrome-c oxidase in Paracoccus-denitriﬁcans, Biochim. Biophys. Acta 635
(1981) 525–534.
[6] M. Wikstrom, Cytochrome c oxidase: 25 years of the elusive proton pump, Bio-
chim. Biophys. Acta 1655 (2004) 241–247.
[7] M.K.F. Wikstrom, Proton pump coupled to cytochrome-c oxidase in mitochon-
dria, Nature 266 (1977) 271–273.
[8] D. Zaslavsky, R.B. Gennis, Proton pumping by cytochrome oxidase: progress,
problems and postulates, Biochim. Biophys. Acta 1458 (2000) 164–179.
[9] P. Brzezinski, K. Faxen, G. Gilderson, P. Adelroth, A mechanistic principle for
proton pumping by cytochrome c oxidase, Nature 437 (2005) 286–289.
[10] S. Cukierman, Et tu, Grotthuss! and other unﬁnished stories, Biochim. Biophys.
Acta 1757 (2006) 876–885.
[11] C.J.T. de Grotthuss, Sur la décomposition de l'eau et des corps qu'elle tient en
dissolution à l'aide de l'électricité galvanique, Anal. Chim. 58 (1806) 54–73.
[12] U.W. Schmitt, G.A. Voth, The computer simulation of proton transport in water,
J. Chem. Phys. 111 (1999) 9361–9381.
[13] D. Marx, M.E. Tuckerman, J. Hutter, M. Parrinello, The nature of the hydrated ex-
cess proton in water, Nature 397 (1999) 601–604.
[14] N. Agmon, O. Markovitch, H. Chen, S. Izvekov, F. Paesani, G.A. Voth, Special pair
dance and partner selection: elementary steps in proton transport in liquid
water, J. Phys. Chem. B 112 (2008) 9456–9466.
[15] J.M.J. Swanson, J. Simons, Role of charge transfer in the structure and dynamics
of the hydrated proton, J. Phys. Chem. B 113 (2009) 5149–5161.
[16] L. Onsager, Motion of ions — principles and concepts, Science 166 (1969)
1359–1364.
[17] T.E. DeCoursey, Voltage-gated proton channels and other proton transfer path-
ways, Physiol. Rev. 83 (2003) 475–579.
[18] J.F. Nagle, S. Tristramnagle, Hydrogen-bonded chain mechanisms for proton
conduction and proton pumping, J. Membr. Biol. 74 (1983) 1–14.
[19] C. Dellago, M.M. Naor, G. Hummer, Proton transport through water-ﬁlled carbon
nanotubes, Phys. Rev. Lett. 90 (2003).
524 Y. Peng, G.A. Voth / Biochimica et Biophysica Acta 1817 (2012) 518–525[20] G.A. Voth, M.L. Brewer, U.W. Schmitt, The formation and dynamics of proton
wires in channel environments, Biophys. J. 80 (2001) 1691–1702.
[21] T.Y. Yan, Z. Cao, Y.X. Peng, S. Li, A.L. Li, G.A. Voth, Mechanism of fast proton trans-
port along one-dimensional water chains conﬁned in carbon nanotubes, J. Am.
Chem. Soc. 132 (2010) 11395–11397.
[22] T. Tsukihara, H. Aoyama, E. Yamashita, T. Tomizaki, H. Yamaguchi, K. ShinzawaItoh,
R. Nakashima, R. Yaono, S. Yoshikawa, The whole structure of the 13-subunit oxi-
dized cytochrome c oxidase at 2.8 Angstrom, Science (1996) 1136–1144.
[23] S. Iwata, C. Ostermeier, B. Ludwig, H.Michel, Structure at 2.8-Angstrom resolution of
cytochrome-c-oxidase from Paracoccus-denitriﬁcans, Nature 376 (1995) 660–669.
[24] M. Svensson-Ek, J. Abramson, G. Larsson, S. Tornroth, P. Brzezinski, S. Iwata, The
X-ray crystal structures of wild-type and EQ(I-286) mutant cytochrome c oxi-
dases from Rhodobacter sphaeroides, J. Mol. Biol. 321 (2002) 329–339.
[25] A.A. Konstantinov, S. Siletsky, D. Mitchell, A. Kaulen, R.B. Gennis, The roles of
the two proton input channels in cytochrome c oxidase from Rhodobacter
sphaeroides probed by the effects of site-directed mutations on time-resolved
electrogenic intraprotein proton transfer, Proc. Natl. Acad. Sci. U. S. A. 94
(1997) 9085–9090.
[26] J.R. Fetter, J. Qian, J. Shapleigh, J.W. Thomas, A. Garciahorsman, E. Schmidt, J.
Hosler, G.T. Babcock, R.B. Gennis, S. Ferguson-Miller, Possible proton relay path-
ways in cytochrome-c-oxidase, Proc. Natl. Acad. Sci. U. S. A. 92 (1995)
1604–1608.
[27] K. Shimokata, Y. Katayama, H. Murayama, M. Suematsu, T. Tsukihara, K.
Muramoto, H. Aoyama, S. Yoshikawa, H. Shimada, The proton pumping
pathway of bovine heart cytochrome c oxidase, Proc. Natl. Acad. Sci. U. S. A.
104 (2007) 4200–4205.
[28] K. Kamiya, M. Boero, M. Tateno, K. Shiraishi, A. Oshiyama, Possible mechanism of
proton transfer through peptide groups in the H-pathway of the bovine cyto-
chrome c oxidase, J. Am. Chem. Soc. 129 (2007) 9663–9673.
[29] S. Yoshikawa, K. Muramoto, K. Shinzawa-Itoh, H. Aoyama, T. Tsukihara, K.
Shimokata, Y. Katayama, H. Shimada, Proton pumping mechanism of bovine
heart cytochrome c oxidase, Biochim. Biophys. Acta 1757 (2006) 1110–1116.
[30] S. Yoshikawa, K. Shimokata, Y. Katayama, H. Murayama, M. Suematsu, T.
Tsukihara, K. Muramoto, H. Aoyama, H. Shimada, The proton pumping path-
way of bovine heart cytochrome c oxidase, Proc. Natl. Acad. Sci. U. S. A.
104 (2007) 4200–4205.
[31] S. Yoshikawa, T. Tsukihara, K. Shimokata, Y. Katayama, H. Shimada, K. Muramoto,
H. Aoyoma, M. Mochizuki, K. Shinzawa-Itoh, E. Yamashita, M. Yao, Y. Ishimura,
The low-spin heme of cytochrome c oxidase as the driving element of the
proton-pumping process, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 15304–15309.
[32] H.J. Lee, L. Ojemyr, A. Vakkasoglu, P. Brzezinski, R.B. Gennis, Properties of Arg481
mutants of the aa(3)-type cytochrome c oxidase from Rhodobacter sphaeroides
suggest that neither R481 nor the nearby D-propionate of heme a(3) is likely
to be the proton loading site of the proton pump, Biochemistry 48 (2009)
7123–7131.
[33] V. Sharma, M. Wikstrom, V.R.I. Kaila, Redox-coupled proton transfer in the ac-
tive site of cytochrome cbb(3), Biochim. Biophys. Acta 1797 (2010) 1512–1520.
[34] V.R.I. Kaila, V. Sharma, M. Wikstrom, The identity of the transient proton loading
site of the proton-pumping mechanism of cytochrome c oxidase, Biochim. Bio-
phys. Acta 1807 (2011) 80–84.
[35] I. Belevich, D.A. Bloch, N. Belevich, M. Wikstrom, M.I. Verkhovsky, Exploring the
proton pump mechanism of cytochrome c oxidase in real time, Proc. Natl. Acad.
Sci. U. S. A. 104 (2007) 2685–2690.
[36] K. Muramoto, K. Hirata, K. Shinzawa-Itoh, S. Yoko-O, E. Yamashita, H. Aoyama, T.
Tsukihara, S. Yoshikawa, A histidine residue acting as a controlling site for
dioxygen reduction and proton pumping by cytochrome c oxidase, Proc. Natl.
Acad. Sci. U. S. A. 104 (2007) 7881–7886.
[37] D.M. Popovic, A.A. Stuchebrukhov, Proton pumping mechanism and catalytic
cycle of cytochrome c oxidase: Coulomb pump model with kinetic gating,
FEBS Lett. 566 (2004) 126–130.
[38] R.M. Henry, C.H. Yu, T. Rodinger, R. Pomes, Functional hydration and conforma-
tional gating of proton uptake in cytochrome c oxidase, J. Mol. Biol. 387 (2009)
1165–1185.
[39] H.J. Lee, E. Svahn, J.M. Swanson, H. Lepp, G.A. Voth, P. Brzezinski, R.B. Gennis, In-
tricate role of water in proton transport through cytochrome c oxidase, J. Am.
Chem. Soc. 132 (2010) 16225–16239.
[40] P. Brzezinski, B.G. Malmstrom, Electron-transport-driven proton pumps display
nonhyperbolic kinetics — simulation of the steady-state kinetics of cytochrome-
c-oxidase, Proc. Natl. Acad. Sci. U. S. A. 83 (1986) 4282–4286.
[41] C. Backgren, G. Hummer, M. Wikstrom, A. Puustinen, Proton translocation by
cytochrome c oxidase can take place without the conserved glutamic acid in
subunit I, Biochemistry 39 (2000) 7863–7867.
[42] X.H. Zheng, D.M. Medvedev, J. Swanson, A.A. Stuchebrukhov, Computer simula-
tion of water in cytochrome c oxidase, Biochim. Biophys. Acta 1557 (2003)
99–107.
[43] R.I. Cukier, Quantum molecular dynamics simulation of proton transfer in cyto-
chrome c oxidase, Biochim. Biophys. Acta 1656 (2004) 189–202.
[44] E. Olkhova, M.C. Hutter, M.A. Lill, V. Helms, H. Michel, Dynamic water networks
in cytochrome c oxidase from Paracoccus denitriﬁcans investigated by molecular
dynamics simulations, Biophys. J. 86 (2004) 1873–1889.
[45] M.H.M. Olsson, A.Warshel, Simulating redox coupled proton transfer in cytochrome
c oxidase: Looking for the proton bottleneck, FEBS Lett. 579 (2005) 2026–2034.
[46] J. Xu, G.A. Voth, Computer simulation of explicit proton translocation in cyto-
chrome c oxidase: the D-pathway, Proc. Natl. Acad. Sci. U. S. A. 102 (2005)
6795–6800.[47] M. Tashiro, A.A. Stuchebrukhov, Thermodynamic properties of internal water
molecules in the hydrophobic cavity around the catalytic center of cytochrome
c oxidase, J. Phys. Chem. B 109 (2005) 1015–1022.
[48] J.C. Xu, G.A. Voth, Free energy proﬁles for H+ conduction in the D-pathway of
cytochrome c oxidase: a study of the wild type and N98D mutant enzymes, Bio-
chim. Biophys. Acta 1757 (2006) 852–859.
[49] M.H.M. Olsson, A. Warshel, Monte Carlo simulations of proton pumps: on the
working principles of the biological valve that controls proton pumping in cyto-
chrome c oxidase, Proc. Natl. Acad. Sci. U. S. A. 103 (2006) 6500–6505.
[50] J. Xu, M.A. Sharpe, L. Qin, S. Ferguson-Miller, G.A. Voth, Storage of an excess pro-
ton in the hydrogen-bonded network of the d-pathway of cytochrome c oxi-
dase: identiﬁcation of a protonated water cluster, J. Am. Chem. Soc. 129
(2007) 2910–2913.
[51] A. Warshel, M.H.M. Olsson, P.E.M. Slegbahn, M.R.A. Blomberg, Exploring path-
ways and barriers for coupled ET/PT in cytochrome c oxidase: a general frame-
work for examining energetics and mechanistic alternatives, Biochim. Biophys.
Acta 1767 (2007) 244–260.
[52] A. Tuukkanen, V.R.I. Kaila, L. Laakkonen, G. Hummer, M. Wikstrom, Dynamics of
the glutamic acid 242 side chain in cytochrome c oxidase, Biochim. Biophys.
Acta 1767 (2007) 1102–1106.
[53] J. Xu, G.A. Voth, Redox-coupled proton pumping in cytochrome c oxidase: fur-
ther insights from computer simulation, Biochim. Biophys. Acta 1777 (2008)
196–201.
[54] A.V. Pisliakov, P.K. Sharma, Z.T. Chu, M. Haranczyk, A. Warshel, Electrostatic
basis for the unidirectionality of the primary proton transfer in cytochrome c ox-
idase, Proc. Natl. Acad. Sci. U. S. A. 105 (2008) 7726–7731.
[55] V.R.I. Kaila, M.I. Verkhovsky, G. Hummer, M. Wikstrom, Glutamic acid 242 is a
valve in the proton pump of cytochrome c oxidase, Proc. Natl. Acad. Sci. U. S.
A. 105 (2008) 6255–6259.
[56] R. Sugitani, A.A. Stuchebrukhov, Molecular dynamics simulation of water in cy-
tochrome c oxidase reveals two water exit pathways and the mechanism of
transport, Biochim. Biophys. Acta 1787 (2009) 1140–1150.
[57] Q. Cui, D. Riccardi, S. Yang, Proton transfer function of carbonic anhydrase:
insights from QM/MM simulations, Biochim. Biophys. Acta 1804 (2010)
342–351.
[58] A. Pisliakov, Y. Sugita, A. Warshel, Computer simulations of proton transfer in
cytochrome c oxidase and nitric oxide reductase, Biochim. Biophys. Acta 1797
(2010) 99–100.
[59] V. Daskalakis, S.C. Farantos, V. Guallar, C. Varotsis, Regulation of electron and
proton transfer by the protein matrix of cytochrome c oxidase, J. Phys. Chem.
B 115 (2011) 3648–3655.
[60] A.L. Johansson, S. Chakrabarty, C.B. Sioberg, M. Hogbom, A. Warshel, P.
Brzezinski, Proton-transport mechanisms in cytochrome c oxidase revealed
by studies of kinetic isotope effects, Biochim. Biophys. Acta (2011).
[61] S. Chakrabarty, I. Namslauer, P. Brzezinski, A. Warshel, Exploration of the cyto-
chrome c oxidase pathway puzzle and examination of the origin of elusive
mutational effects, Biochim. Biophys. Acta 1807 (2011) 413–426.
[62] M.W. van der Kamp, J. Zurek, F.R. Manby, J.N. Harvey, A.J. Mulholland, Testing
High-Level QM/MM Methods for Modeling Enzyme Reactions: Acetyl-CoA
Deprotonation in Citrate Synthase, J. Phys. Chem. B 114 (2010) 11303–11314.
[63] V. Kairys, J.H. Jensen, QM/MM boundaries across covalent bonds: A frozen local-
ized molecular orbital-based approach for the effective fragment potential
method, J. Phys. Chem. A 104 (2000) 6656–6665.
[64] G. Hong, A.J. Cornish, E.L. Hegg, R. Pachter, On understanding proton transfer to
the biocatalytic [Fe-Fe](H) sub-cluster in [Fe-Fe] H(2)ases: QM/MMMD simula-
tions, Biochim. Biophys. Acta 1807 (2011) 510–517.
[65] J. Gao, K. Wong, D.T. Major, Combined QM/MM and path integral simulations of
kinetic isotope effects in the proton transfer reaction between nitroethane and
acetate ion in water, J. Comput. Chem. 29 (2008) 514–522.
[66] S. Hayashi, I. Ohmine, Proton transfer in bacteriorhodopsin: Structure, excita-
tion, IR spectra, and potential energy surface analyses by an ab initio QM/MM
method, J. Phys. Chem. B 104 (2000) 10678–10691.
[67] I.F. Galvan, A. Volbeda, J.C. Fontecilla-Camps, M.J. Field, A QM/MM study of pro-
ton transport pathways in a [NiFe] hydrogenase, Proteins: Struct. Funct. Bioin-
form. 73 (2008) 195–203.
[68] M. Altarsha, D.Q. Wang, T. Benighaus, D. Kumar, W. Thiel, QM/MM study of the
second proton transfer in the catalytic cycle of the D251Nmutant of cytochrome
P450cam, J. Phys. Chem. B 113 (2009) 9577–9588.
[69] D. Riccardi, P. Schaefer, Q. Cui, pK(a) calculations in solution and proteins with
QM/MM free energy perturbation simulations: a quantitative test of QM/MM
protocols, J. Phys. Chem. B 109 (2005) 17715–17733.
[70] N. Ghosh, X. Prat-Resina, M.R. Gunner, Q. Cui, Microscopic pK(a) analysis of
Glu286 in cytochrome c oxidase (Rhodobacter sphaeroides): toward a calibrated
molecular model, Biochemistry 48 (2009) 2468–2485.
[71] G.H. Li, X.D. Zhang, Q. Cui, Free energy perturbation calculations with combined
QM/MM potentials complications, simpliﬁcations, and applications to redox
potential calculations, J. Phys. Chem. B 107 (2003) 8643–8653.
[72] D.M. Popovic, A.A. Stuchebrukhov, Two conformational states of Glu242 and
pK(a)s in bovine cytochrome c oxidase, Photochem. Photobiol. Sci. 5 (2006)
611–620.
[73] Y.F. Song, E. Michonova-Alexova, M.R. Gunner, Calculated proton uptake on an-
aerobic reduction of cytochrome c oxidase: is the reaction electroneutral? Bio-
chemistry 45 (2006) 7959–7975.
[74] K.A. Sharp, B. Honig, Electrostatic interactions in macromolecules — theory and
applications, Annu. Rev. Biophys. Biophys. Chem. 19 (1990) 301–332.
525Y. Peng, G.A. Voth / Biochimica et Biophysica Acta 1817 (2012) 518–525[75] M. Schaefer, M. Karplus, A comprehensive analytical treatment of continuum
electrostatics, J. Phys. Chem. 100 (1996) 1578–1599.
[76] R.E. Georgescu, E.G. Alexov, M.R. Gunner, Combining conformational ﬂexibility
and continuum electrostatics for calculating pK(a)s in proteins, Biophys. J. 83
(2002) 1731–1748.
[77] A. Warshel, F. Sussman, G. King, Free-energy of charges in solvated proteins —
microscopic calculations using a reversible charging process, Biochemistry 25
(1986) 8368–8372.
[78] G. Hummer, A. Szabo, Calculation of free-energy differences from computer sim-
ulations of initial and ﬁnal states, J. Chem. Phys. 105 (1996) 2004–2010.
[79] T.J.F. Day, A.V. Soudackov, M. Cuma, U.W. Schmitt, G.A. Voth, A second genera-
tion multistate empirical valence bond model for proton transport in aqueous
systems, J. Chem. Phys. 117 (2002) 5839–5849.
[80] U.W. Schmitt, G.A. Voth, Multistate empirical valence bond model for proton
transport in water, J. Phys. Chem. B 102 (1998) 5547–5551.
[81] J.M. Swanson, C.M. Maupin, H. Chen, M.K. Petersen, J. Xu, Y. Wu, G.A. Voth, Pro-
ton solvation and transport in aqueous and biomolecular systems: insights from
computer simulations, J. Phys. Chem. B 111 (2007) 4300–4314.
[82] G.A. Voth, Computer simulation of proton solvation and transport in aqueous
and biomolecular systems, Acc. Chem. Res. 39 (2006) 143–150.
[83] F. Wang, G.A. Voth, A linear-scaling self-consistent generalization of the multi-
state empirical valence bond method for multiple excess protons in aqueous
systems, J. Chem. Phys. 122 (2005) 144105.
[84] Y. Wu, H. Chen, F. Wang, F. Paesani, G.A. Voth, An improved multistate empirical
valence bond model for aqueous proton solvation and transport, J. Phys. Chem. B
112 (2008) 467–482.
[85] T. Yamashita, G.A. Voth, Insights into the mechanism of proton transport in
cytochrome c oxidase. Submitted for publication.
[86] A. Warshel, R.M. Weiss, An empirical valence bond approach for comparing
reactions in solutions and in enzymes, J. Am. Chem. Soc. 102 (1980) 6218–6226.
[87] S.C.L. Kamerlin, A. Warshel, The empirical valence bond model: theory and ap-
plications, Comput. Molec. Sci. 1 (2011) 30–45.
[88] H. Chen, Y. Wu, G.A. Voth, Origins of proton transport behavior from selectiv-
ity domain mutations of the aquaporin-1 channel, Biophys. J. 90 (2006) L73–L75.
[89] H. Chen, Y. Wu, G.A. Voth, Proton transport behavior through the inﬂuenza AM2
channel: insights from molecular simulation, Biophys. J. 93 (2007) 3470–3479.
[90] D. Wang, G.A. Voth, Proton transport pathway in the ClC Cl−/H+ antiporter, Bio-
phys. J. 97 (2009) 121–131.
[91] A.M. Smondyrev, G.A. Voth, Molecular dynamics simulation of proton
transport near the surface of a phospholipid membrane, Biophys. J. 82 (2002)
1460–1468.
[92] C.M. Maupin, R. McKenna, D.N. Silverman, G.A. Voth, Elucidation of the proton
transport mechanism in human carbonic anhydrase II, J. Am. Chem. Soc. 131
(2009) 7598–7608.
[93] B. Roux, The calculation of the potential of mean force using computer-
simulations, Comput. Phys. Commun. 91 (1995) 275–282.
[94] G.M. Torrie, J.P. Valleau, Monte-Carlo free-energy estimates using non-
Boltzmann sampling — application to subcritical Lennard–Jones ﬂuid, Chem.
Phys. Lett. 28 (1974) 578–581.
[95] S. Riistama, G. Hummer, A. Puustinen, R.B. Dyer, W.H. Woodruff, M. Wikstrom,
Bound water in the proton translocation mechanism of the haem-copper oxi-
dases, FEBS Lett. 414 (1997) 275–280.
[96] M. Wikstrom, M.I. Verkhovsky, G. Hummer, Water-gated mechanism of proton
translocation by cytochrome c oxidase, Biochim. Biophys. Acta 1604 (2003) 61–65.
[97] P. Adelroth, M.S. Ek, D.M. Mitchell, R.B. Gennis, P. Brzezinski, Glutamate 286 in
cytochrome aa(3) from Rhodobacter sphaeroides is involved in proton uptake
during the reaction of the fully-reduced enzyme with dioxygen, Biochemistry
36 (1997) 13824–13829.
[98] A. Namslauer, A. Aagaard, A. Katsonouri, P. Brzezinski, Intramolecular proton-
transfer reactions in a membrane-bound proton pump: the effect of pH on the
peroxy to ferryl transition in cytochrome c oxidase, Biochemistry 42 (2003)
1488–1498.
[99] S.O. Yang, Q. Cui, Glu-286 rotation and water wire reorientation are unlikely the
gating elements for proton pumping in cytochrome c oxidase, Biophys. J. 101
(2011) 61–69.[100] U. Pﬁtzner, K. Hoffmeier, A. Harrenga, A. Kannt, H. Michel, E. Bamberg, O.M.H.
Richter, B. Ludwig, Tracing the D-pathway in reconstituted site-directed mu-
tants of cytochrome c oxidase from Paracoccus denitriﬁcans, Biochemistry 39
(2000) 6756–6762.
[101] A.S. Pawate, J. Morgan, A. Namslauer, D. Mills, P. Brzezinski, S. Ferguson-Miller,
R.B. Gennis, A mutation in subunit I of cytochrome oxidase from Rhodobacter
sphaeroides results in an increase in steady-state activity but completely elimi-
nates proton pumping, Biochemistry 41 (2002) 13417–13423.
[102] D. Han, A. Namslauer, A. Pawate, J.E. Morgan, S. Nagy, A.S. Vakkasoglu, P.
Brzezinski, R.B. Gennis, Replacing Asn207 by aspartate at the neck of the D
channel in the aa(3)-type cytochrome c oxidase from Rhodobacter sphaeroides
results in decoupling the proton pump, Biochemistry 45 (2006) 14064–14074.
[103] H. Lepp, L. Salomonsson, J.P. Zhu, R.B. Gennis, P. Brzezinski, Impaired proton
pumping in cytochrome c oxidase upon structural alteration of the D pathway,
Biochim. Biophys. Acta 1777 (2008) 897–903.
[104] G. Branden, A.S. Pawate, R.B. Gennis, P. Brzezinski, Controlled uncoupling and
recoupling of proton pumping in cytochrome c oxidase, Proc. Natl. Acad. Sci.
U. S. A. 103 (2006) 317–322.
[105] J. Hosler, L. Varanasi, Alternative initial proton acceptors for the D pathway of
Rhodobacter sphaeroides cytochrome c oxidase, Biochemistry 50 (2011)
2820–2828.
[106] R. Pomes, R.M. Henry, D. Caplan, E. Fadda, Molecular basis of proton uptake in
single and double mutants of cytochrome c oxidase, J. Phys. Condens. Matter
23 (2011).
[107] M.I. Verkhovsky, I. Belevich, E. Gorbikova, N.P. Belevich, V. Rauhamaki, M.
Wikstrom, Initiation of the proton pump of cytochrome c oxidase, Proc.
Natl. Acad. Sci. U. S. A. 107 (2010) 18469–18474.
[108] M. Wikstrom, M.I. Verkhovsky, The D-channel of cytochrome oxidase: an alter-
native view, Biochim. Biophys. Acta 1807 (2011) 1273–1278.
[109] Y.C. Kim, M. Wikstrom, G. Hummer, Kinetic gating of the proton pump in cyto-
chrome c oxidase, Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 13707–13712.
[110] F. Autenrieth, E. Tajkhorshid, J. Baudry, Z. Luthey-Schulten, Classical force ﬁeld
parameters for the heme prosthetic group of cytochrome c, J. Comput. Chem.
25 (2004) 1613–1622.
[111] M.P. Johansson, V.R.I. Kaila, L. Laakkonen, Charge parameterization of the metal
centers in cytochrome c oxidase, J. Comput. Chem. 29 (2008) 753–767.
[112] H.J. Woo, A.R. Dinner, B. Roux, Grand canonical Monte Carlo simulations of
water in protein environments, J. Chem. Phys. 121 (2004) 6392–6400.
[113] M. Wikstrom, K. Krab, M. Saraste, Proton-translocating cytochrome complexes,
Annu. Rev. Biochem. 50 (1981) 623–655.
[114] B.G. Malmstrom, Hypothesis — cytochrome-C oxidase as a proton pump — a
transition-state mechanism, Biochim. Biophys. Acta 811 (1985) 1–12.
[115] V.R.I. Kaila, M. Verkhovsky, G. Hummer, M. Wikstrom, Prevention of leak in the
proton pump of cytochrome c oxidase, Biochim. Biophys. Acta 1777 (2008)
890–892.
[116] G. Gilderson, L. Salomonsson, A. Aagaard, J. Gray, P. Brzezinski, J. Hosler, Subunit
III of cytochrome c oxidase of Rhodobacter sphaeroides is required to maintain
rapid proton uptake through the D pathway at physiologic pH, Biochemistry
42 (2003) 7400–7409.
[117] D.A. Mills, Z. Tan, S. Ferguson-Miller, J. Hosler, A role for subunit III in proton up-
take into the D pathway and a possible proton exit pathway in Rhodobacter
sphaeroides cytochrome c oxidase, Biochemistry 42 (2003) 7410–7417.
[118] J.P. Hosler, The inﬂuence of subunit III of cytochrome c oxidase on the D path-
way, the proton exit pathway and mechanism-based inactivation in subunit I,
Biochim. Biophys. Acta 1655 (2004) 332–339.
[119] C.M. Maupin, K.F. Wong, A.V. Soudackov, S. Kim, G.A. Voth, A multistate empir-
ical valence bond description of protonatable amino acids, J. Phys. Chem. A 110
(2006) 631–639.
[120] P. Brzezinski, G. Larsson, Redox-driven proton pumping by heme-copper oxi-
dases, Biochim. Biophys. Acta 1605 (2003) 1–13.
[121] A. Namslauer, P. Brzezinski, Structural elements involved in electron-coupled
proton transfer in cytochrome c oxidase, FEBS Lett. 567 (2004) 103–110.
[122] D.M. Popovic, A.A. Stuchebrukhov, Electrostatic study of the proton pumping
mechanism in bovine heart cytochrome c oxidase, J. Am. Chem. Soc. 126
(2004) 1858–1871.
